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In  this  paper,  a  method  of  designing  an  optimally  arranged  solar  array  for  converterless  matching  to  a 
known  linear  load  is  proposed  and  compared  to  the  classical  Maximum  Power  Point  Tracking  method. 
Long-time  performance  of  both  methods  is  examined  for  three  common  types  of  loads  under  real 
weather  conditions.  Test  results  indicate  that  only  in  case  of  a  pure  resistive  load  the  Maximum  Power 
Point  Tracking-based  solar  system  advantage  is  undisputed.  In  case  of  a  load  represented  by  a  voltage 
source  with  internal  resistance,  the  long  term  energy  productions  of  the  system  employing  a  practical 
Maximum  Power  Point  Tracking  operated  converter  is  on  a  par  or  lower  than  the  converterless  system 
energy  yield. 
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1.  Introduction 

Photovoltaic  (PV)  power  is  probably  the  strongest-growing 
electricity  generating  technology,  demonstrating  recent  annual 
growth  rates  of  around  40%  and  world  production  of  10.66  GW  in 
2009,  consisting  of  both  off-grid  remote  power  supplies  and 
residential-roof  grid-connected  systems  [1].  Large  increases  in 
global  cumulative  PV  capacity  are  foreseen  for  the  next  decade  in 
case  economic  incentives  are  supported  long  enough.  Besides 
playing  a  significant  role  in  the  future  energy  fusion,  PV  genera¬ 
tion  is  significantly  contributing  to  the  environmental  impact  of 
electricity  supply  [2]. 

PV  technology  is  one  of  the  best  ways  to  harvest  the  solar  energy, 
since  PV  devices  are  strong  and  simple  in  design,  requiring  very  little 
maintenance  and  capable  of  giving  outputs  from  microwatts  to 
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megawatts.  This  is  why  they  are  used  as  power  sources  in  water 
pumping,  remote  buildings,  solar  home  systems,  communications, 
satellites  and  space  vehicles,  reverse  osmosis  plants,  and  even 
megawatt-scale  power  plants  [3].  The  efficiency  still  remains  the 
main  weakness  of  the  technology.  When  exposed  to  unconcentrated 
sunlight,  modern  solar  cells  are  struggling  to  reach  the  theoretical 
thermodynamic  efficiency  limits  (40.6%  and  63.6%  for  single  and 
triple  junction  cells,  respectively).  Hence,  further  electrical  conver¬ 
sion  losses  must  be  minimized  in  order  to  increase  the  feasibility  of 
PV-based  energy  production  in  addition  to  maximizing  the  amount 
of  solar  energy  captured  by  the  collector  [4].  The  problem  of 
developing  tracking  schemes  capable  of  following  the  trajectory  of 
the  sun  throughout  the  course  of  the  day  on  a  year-round  basis  has 
received  significant  coverage  in  the  literature  [5].  Although  using 
sun  tracker  is  not  essential,  it  can  significantly  boost  the  collected 
energy  in  different  periods  of  time  and  geographical  conditions  in 
large  solar  fields  [6]. 

Nevertheless,  the  importance  of  both  cell  efficiency  and 
amount  of  solar  energy  captured  by  the  collector  is  marginal  if 
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the  solar  array  (SA)  is  incorrectly  matched  to  the  load.  The  output 
of  the  most  efficient  cell  under  very  rich  illumination  can  still 
yield  low  power  output  if  the  electrical  operating  point  is 
improper.  As  a  matter  of  fact,  the  electrical  characteristic  curve 
of  a  solar  cell  possesses  a  single  maximum  power  point  (MPP)  for 
a  given  temperature  and  solar  irradiance.  Hence,  correct  SA  sizing 
and  matching  to  the  load  in  order  to  extract  maximum  possible 
power  is  of  an  extreme  significance  [7-11]. 

There  are  two  main  classical  approaches  to  SA-load  matching: 
a  passive  approach,  referred  hereafter  as  maximum  power  point 
matching  (MPPM);  and  an  active  approach,  referred  henceforth  as 
maximum  power  point  tracking  (MPPT).  The  passive  approach 
principle  is  based  on  designing  a  SA  suited  to  the  load  such  that 
while  operating  under  nominal  conditions,  the  operating  point 
coincides  with  the  SA  MPP.  The  main  drawbacks  of  the  approach 
are  the  necessity  of  the  voltage  level  matching  between  the  SA 
and  the  load  and  the  fact  that  the  MPP  moves  away  from  the 
operating  point  when  the  environmental  conditions  are  no  longer 
nominal.  The  main  advantage  of  the  method  is  a  glueless  SA-load 
connection,  allowing  reducing  the  cost,  weight,  volume  and  losses 
as  a  result  of  intermediate  conversion  stage  absence  [12-17]. 

The  active  matching  method  is  based  on  inserting  a  power 
converter  between  the  SA  and  the  load  in  order  to  force  the  SA 
operating  point  follow  the  MPP  upon  the  environmental  conditions 
variation.  The  MPPT  approach  eliminates  the  SA-load  voltage 
matching  requirement  and  allows  instantaneous  MPP  operation  at 
the  expense  of  additional  hardware  and  control  effort  (and  hence 
increased  cost,  volume  and  weight).  Moreover,  additional  losses 
caused  by  an  additional  conversion  stage  presence  must  be  taken 
into  account.  MPPT  algorithms  have  evolved  over  the  last  two 
decades  along  with  the  tremendous  increase  of  the  computational 
power  and  power  semiconductor  technology  progress.  A  great 
variety  of  MPPT  approaches  were  proposed  in  the  literature  and 
summarized  in  several  review  papers  [18-23],  while  different 
topologies  of  the  MPPT-operated  power  converters  were  evaluated 
in  [24-30].  It  should  be  mentioned  that  besides  the  challenge  of 
maximizing  the  electrical  output  of  a  SA,  complications  such  as 
mismatch  [31,32]  and  partial  shading  [33]  should  be  treated  as  well. 
Recently,  different  array  reconfiguration  algorithms  were  proposed 
to  treat  these  problems  [33-39]. 

Despite  the  usage  of  an  advanced  technology  and  scientific 
attractiveness,  most  of  the  evaluated  MPPT  methods  employed  either 
artificial  or  short-time  experimental  environmental  data.  Utilizing 
long-term  experimental  data  and  taking  into  account  the  efficiency  of 
the  power  converter,  the  MPPT  superiority  is  not  obvious  [40,41  ].  The 
relatively  simple  and  low  cost  MPPM  system  may  even  outperform 
MPPT-based  generation  when  all  the  above  mentioned  factors  are 
taken  into  account.  Moreover,  since  manufacturing  mismatches  of 
modern  manufacturers  became  negligible  [31],  array  reconfiguration 
is  seldom  necessary  if  the  illumination  is  mostly  uniform. 

The  manuscript  goal  is  to  present  a  method  of  designing  an 
optimally  arranged  MPPM  system  and  compare  its  output  with 
MPPT-based  solar  generation,  both  exposed  to  a  long  term 
experimental  meteorological  data  of  Southern  Israel  while  feeding 
three  common  types  of  loads.  The  rest  of  the  manuscript  is 
arranged  as  follows.  Section  2  contains  the  approach  to  design 
and  modeling  of  an  optimally  arranged  MPPM  system.  Section  3 
describes  the  method  used  for  comparison  between  the  two 
mentioned  systems.  Results  and  discussion  are  given  in  Section 
4  and  the  manuscript  is  concluded  in  Section  5. 


2.  MPPM  system  design 

Consider  a  properly  sized  solar  array,  consisting  of  N  solar  cells 
or  panels,  delivering  power  to  a  general  linear  load,  shown  in 


Fig.  1  and  described  by  the  following  I-V  characteristic, 


uL  =  Uo  +  iLr0  (1) 

Note  that  the  load,  given  by  (1)  may  define  a  pure  resistive 
load  (u0= 0,  r0  ^  0),  battery/DC  motor  load  ( u0  0,  r0  ¥=  0)  or  pure 
voltage  source  (u0  ¥=  0,  ro=0),  representing  e.g.  a  regulated  DC  bus 
of  a  power  converter. 

A  typical  I-V  curve  of  a  solar  cell/panel  operating  at  given 
temperature  and  solar  irradiation  is  shown  in  Fig.  2.  It  is  character¬ 
ized  by  the  open  circuit  voltage  uoc ,  short  circuit  current  isc  and 
maximum  power  voltage-current  pair  (uM,  *m),  corresponding  to  the 
cell/panel  maximum  power  pM=zjMzM.  In  case  the  solar  array 
consists  of  m  strings  of  n  serially  connected  cells/panels,  its  I-V 
curve  is  characterized  by  (neglecting  modules  mismatch)  the  open 
circuit  voltage  nuoc ,  short  circuit  current  miSc  and  maximum  power 
voltage-current  pair  (nuM,  mzM).  The  goal  of  MPPM  is  to  ensure  that 
the  SA-load  operating  point  for  nominal  environmental  conditions 
is  as  close  as  possible  to  the  SA  maximum  power  point  pM<SA=omu- 
MiM  by  choosing  appropriate  n  and  m. 

In  order  to  create  an  optimum  array  configuration  for  a  given 
load,  the  I-V  curve  is  first  divided  into  two  parts,  using  piecewise 
linear  approximation  [42],  as  shown  in  Fig.  2.  The  first  linear 
segment  starts  from  the  short-circuit  point  (0,  isc),  the  second 
from  the  open-circuit  point  {u0Ct  0)  and  both  meet  at  the 
maximum  power  point  (uM,  z’m)-  Note  that  the  approximated 
curve  coincides  with  the  original  curve  in  the  three  characterizing 
points,  therefore  employing  the  approximated  model  for  load 
matching  yields  the  same  results  while  reducing  drastically  the 
computational  burden. 

The  approximated  I-V  curve  of  the  solar  panel  may  then  be 
expressed  as 


j  Hoc  —  nz’pv.O  ^  ipv  <  Im 
y  UmO  +ki)~r2ipvJM  <  ipv  <  he  ’ 


Fig.  1.  A  general  linear  load. 


Fig.  2.  A  general  solar  panel  I-V  curve:  dashed  -  exact,  solid  -  linearly  approximated. 
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where 


r  i 


Uoc  —  Um 


.  ^2  = 


7 — r~  ’  Kl  = 
lSC  —  lM 


he 

hc  —  lM 


On  the  n  x  m  array  level,  (2)  and  (3)  holds  if  one  substitutes 


uoc,sa  =  nuoc,  Um,sa  =  nuM,  hc,sA  =  mhc> 

Im,sa  =  miM,  T\Sa  =  —  fT,  t2,sa  =  — r2.  ki.sa  =  Pi-  (4) 

m  m 

Hence  the  design  goal  may  be  formulated  by  combining  (1) 
and  (4)  as 

UM,SA  =  uo  +  lM,SArO  (5) 


or 

nuM  =  u0  +  miMr0  (6) 

Substituting  N=n  x  m  into  (6),  the  optimal  number  of  serially 
connected  cells  is  obtained  from  solving 

n2-n  —  -  —  r0N  =  0  (7) 

uM  uM 


as 


riopT  =  0.5 


Uo 

uM 


+ 


M2  +  iM_roN 

Um 


The  optimal  number  of  parallel  strings  is  then  given  by 


ITlQPT  = 


N 

n0pT 


In  order  for  an  exact  solution  to  exist,  n0pr  and  m0pT  must  be 
integers.  Otherwise  only  an  approximate  solution  exists,  i.e. 
system’s  operating  point  does  not  coincide  with  the  SA  maximum 
power  point.  Define  the  matching  efficiency  as  the  ratio  of 
operating  point  power  to  SA  maximum  power, 


Vm  — 


Pl 

Pm,sa 


(10) 


If  n0pT  and  m0pT  are  integers,  rjMPPM=\ ,  otherwise  non-optimal 
n  and  m  are  chosen  and  f]MppM<  1.  Moreover,  choosing  n  as  the 
closest  to  nOPr  integer  leads  to  the  highest  possible  matching 
efficiency.  Note  that  in  order  to  accurately  determine  the  operat¬ 
ing  point  and  matching  efficiency,  exact  rather  than  approxi¬ 
mated  SA  I-V  curve  should  be  employed  after  the  optimization 
procedure  is  completed. 


Example  1.  Consider  designing  a  SA  consisting  of  A300  mono 
crystalline  SunPower  solar  cells.  The  standard  test  conditions 
(irradiance  of  1000  W  m-2,  solar  spectrum  of  AM  1.5  and  cell 
temperature  of  25  °C)  data  of  an  A300  cell  is  given  in  Table  1  [43]. 
The  SA  is  intended  to  charge  a  12  V,  0.1  Q  lead-acid  battery.  The 
majority  of  moderate  off  the  shelf  solar  panels  consist  of  36  cells, 
hence  the  first  design  step  is  trying  to  match  a  36-cell  panel  to  the 
battery.  The  only  arrangement,  allowing  obtaining  a  feasible 
operation  point  is  n  =  36,  m  =  l.  The  operational  characteristics 
of  such  an  arrangement  are  shown  in  Fig.  3  and  summarized  in 
Table  2.  The  matching  efficiency  is  66.7%,  i.e.  only  two-thirds  of 
the  array  rated  power  are  transferred  to  the  load  at  nominal 
environmental  conditions. 


Table  1 

A300  cell  standard  test  conditions  data. 


Open  circuit  voltage,  u0c 

0.665  V 

Short  circuit  current,  isc 

5.75  A 

Maximum  power  voltage,  uM 

0.56  V 

Maximum  power  current,  iM 

5.35  A 

Rated  power,  pM 

2.95  W 

current,  [A] 


Fig.  3.  Operational  characteristics  of  36  x  1  A300  cell  array  matched  to  a  12  V, 
0.1  Q  lead-acid  battery. 


Table  2 

Performance  summary  of  a  36  x  1  array  matched  to  a  12  V,  0.1  Q 
lead-acid  battery. 


Load  voltage,  uL 

12.6  V 

Load  current,  iL 

5.7  A 

Load  power,  pL 

72  W 

Maximum  SA  power,  pm,sa 

108  W 

Matching  efficiency,  rjM 

66.7% 
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current,  [A] 


Fig.  4.  Operational  characteristics  of  23  x  1  A300  cell  array  matched  to  a  12  V, 
0.1  Q  lead-acid  battery. 


However,  substituting  solar  cell  and  battery  data  along  with 
N=  36  into  (8),  results  in  n0pr=22.9,  indicating  that  23  series 
connected  cells  string  will  result  in  the  best  possible  matching.  The 
operational  characteristics  of  23  x  1  arrangement  are  shown  in  Fig.  4 
and  summarized  in  Table  3.  The  matching  efficiency  at  nominal 
environmental  conditions  is  99.5%,  i.e.  virtually  all  the  array  rated 
power  is  transferred  to  the  load.  This  means  that  in  order  to  optimally 
match  a  SA  array  consisting  of  A300  cells  to  the  particular  battery,  it 
should  be  made  up  of  parallel  strings  of  23  cells  each. 

Example  2.  Consider  designing  a  SA,  feeding  the  DC  bus  of  a  three 
phase  inverter,  connected  to  a  400V  grid.  Such  converters  usually 
operate  from  DC  voltage  of  700  V-800  V  since  they  possess  buck 
topology.  The  SA  is  to  be  constructed  from  SunPower  solar  panels, 
consisting  of  96  serially  connected  A300  cells.  The  array  is  expected 
to  operate  under  the  nominal  operating  cell  conditions  (NOCT),  i.e. 
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under  following  average  environmental  conditions:  irradiance  of 
800  W  m~2,  solar  spectrum  of  AM  1.5  and  ambient  temperature  of 
20  °C.  The  NOCT  data  of  a  SunPower  panel  is  given  in  Table  4  [43]. 

The  rated  SA  power  output  is  planned  to  be  around  22  kW,  hence 
100  panels  should  be  purchased  at  the  first  glance.  Thel 00-panel 
arrangement,  resulting  in  the  most  optimal  (in  terms  of  power 
output)  800  V  operating  point  is  n= 20  and  m= 5.  The  operational 
characteristics  of  such  an  arrangement  are  shown  in  Fig.  5  and 
summarized  in  Table  5.  The  matching  efficiency  is  85.5%,  i.e.  the 
actual  output  of  the  SA  will  be  1 5%  short  of  rated  power  and  an  extra 
string  should  be  added,  ending  up  with  120  panels,  delivering 
22,560  W  of  power  at  average  environmental  conditions. 

Substituting  the  data  into  (8)  indicates  that  16  rather  than  20 
series  connected  panels  strings  will  result  in  the  best  possible 
matching.  The  operational  characteristics  of  16x6  arrangement 
are  shown  in  Fig.  6  and  summarized  in  Table  6.  The  matching 
efficiency  at  nominal  environmental  conditions  is  99.2%,  resulting 
in  the  nominal  SA  power  output  of  20,950  W,  which  is  11.4% 
higher  than  the  20x5  arrangement!  Adding  an  extra  string 
results  in  al6  x  7  arranged  112  panel  array  delivering  24,441  W 
of  power  at  average  environmental  conditions. 


3.  MPPM  versus  MPPT  at  real  long-term  weather  conditions 

The  process  of  a  SA-load  MPPM  is  performed  for  specific  site 
average  temperature  and  irradiance  level;  however  these  environ¬ 
mental  variables  seldom  remain  constant.  Therefore  the  SA  I-V  curve 


Table  3 

Performance  summary  of  a  23  x  1  array  matched  to  a  12  V,  0.1  Q 
lead-acid  battery. 


Load  voltage,  uL 

12.6  V 

Load  current,  iL 

5.45  A 

Load  power,  pL 

68.7  W 

Maximum  SA  power,  pm,sa 

69  W 

Matching  efficiency,  rjM 

99.5% 

Table  4 

SunPower  panel  NOCT  data. 


Open  circuit  voltage,  u0c 

59.9  V 

Short  circuit  current,  isc 

4.75  A 

Maximum  power  voltage,  uM 

50.1  V 

Maximum  power  current,  iM 

4.4  A 

Rated  power,  pM 

220  W 

Fig.  5.  Operational  characteristics  of  20  x  5  SunPower  panel  array  matched  to  an 
800  V  DC  bus. 


Table  5 

Performance  summary  of  a  20  x  5  SunPower  panel  array  matched 
to  an  800  V  DC  bus. 


Load  voltage,  uL  800  V 

Load  current,  iL  23.5  A 

Load  power,  pL  1 8,800  W 

Maximum  SA  power,  pm,sa  22,000  W 

Matching  efficiency,  pM  85.5% 


current,  [A] 

Fig.  6.  Operational  characteristics  of  1 6  x  6  SunPower  panel  array  matched  to  an 
800  V  DC  bus. 


Table  6 

Performance  summary  of  al6  x  6  SunPower  panel  array  matched 
to  an  800  V  DC  bus. 


Load  voltage,  uL  800  V 

Load  current,  iL  26.2A 

Load  power,  pL  20,950  W 

Maximum  SA  power,  Pm.sa  21,120  W 

Matching  efficiency,  pM  99.2% 


variations,  caused  by  environmental  condition  changes  must  be 
reflected  in  the  evaluation  process.  In  order  to  accomplish  this,  a 
method  for  deriving  arbitrary  I-V  curves  of  a  solar  cell/panel  for 
arbitrary  temperatures  and  irradiance  levels  from  the  manufacturer 
provided  or  experimentally  measured  standard  conditions  data, 
proposed  in  [44],  was  adopted.  The  approach  may  be  related  to  the 
class  of  algorithms,  employing  numerical  methods  rather  than  fitting 
of  any  kind  to  complete  the  task.  The  parameters  are  obtained  from  a 
system  of  normalized  nonlinear  equations,  created  by  Kirchhoff  laws 
application  to  the  solar  cell/panel  single-diode  equivalent  circuit. 
Several  realistic  assumptions  are  made  in  order  to  simplify  the 
problem  by  reducing  the  number  of  unknowns.  The  proposed 
algorithm  was  successfully  tested  on  several  commercial  solar  cells, 
each  of  different  technology. 

Ten-year  measured  meteorological  data  of  the  Negev  region  of 
Southern  Israel  was  considered  [45].Weighted  temperature  and 
solar  irradiance  average  values  for  maximum  power  production 
were  used  as  nominal  operating  conditions  for  MPPM  optimiza¬ 
tion  process.  Three  different  loads,  connected  to  three  optimally 
designed  A300-based  solar  arrays,  were  tested  to  demonstrate  the 
outcomes  of  the  discussed  method.  The  first  load  was  represented 
by  a  near-ideal  voltage  source  with  u0=12V  and  negligible 
resistance  of  ro=0.01  Q.  For  this  load,  the  optimization  procedure 
resulted  in  27  x  1  cell  arrangement.  The  second  one  was  modeled 
by  a  voltage  source  u0=8V  with  internal  resistance  of  r0=1.5  Q. 
The  optimization  procedure  indicated  that  26  x  1  strings  would 
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maximize  the  power  output  for  nominal  environmental  condi¬ 
tions.  A  pure  resistor  r0= 4.7  Q  was  employed  as  the  third  load 
with  25  x  1  optimal  cell  arrangement. 

Two  solar  systems,  based  on  the  same  optimally  arranged  SA 
were  considered  for  each  load:  one  consisting  of  a  SA  connected 
directly  to  the  load  without  any  intermediate  electronic  devices; 
the  other  including  a  lossless  MPPT-operated  DC-DC  converter. 
The  lossless  MPPT  system  was  assumed  to  extract  the  maximum 
possible  amount  of  energy  from  the  sun  and  passing  into  the  load 
at  any  given  moment.  The  efficiency  of  modern  practical  MPPT 
converters  was  then  employed  for  ideal  performance  correction. 

4.  Results  and  discussion 

Performances  of  both  systems  were  estimated  by  dedicated 
MATLAB-based  routine  for  each  above  mentioned  load.  Ten-year 
averaged  monthly  amount  of  energy  produced  by  each  system 
and  percentage  difference  between  the  directly  connected  and  the 
idealized  MPPT-operated  solar  system  outputs  were  calculated. 


The  results  were  as  follows.  Systems  feeding  the  first  type  of 
load  (nearly  ideal  voltage  source)  possess  the  smallest  difference 
between  the  outputs  of  both  systems,  as  shown  in  Fig.  7.  The 
percentage  difference  varies  between  0.5%  and  3%  with  an  annual 
average  of  AW=1.08%. 

When  the  load  was  represented  by  a  voltage  source  with  a 
fairly  substantial  internal  resistance,  the  energy  difference  varied 
in  a  3%-17%  range  with  a  mean  annual  value  of  AW=6.1%,  as 
shown  in  Fig.  8. 

Pure  resistive  load  causes  the  highest  annual  average  deviation 
of  the  directly  connected  solar  system  output  energy  from  a 
possible  maximum  value  (see  Fig.  9).  In  this  case  the  energy 
difference  fluctuates  in  the  range  of  15%  -  50%  with  an  annual 
mean  of  AW=23%. 

In  order  to  attain  a  deeper  understanding  of  the  obtained 
results,  recall  a  well-known  behavior  of  solar  panels  under 
varying  environmental  conditions.  Fig.  10  presents  the  power 
curves  of  A300  cell  for  different  temperatures  and  irradiance 
level.  Consider  the  left  subplot  of  Fig.  10  first,  where  the  A300 
power  curves  are  shown  for  25  °C  cell  temperature  and  0.2  Sun- 


Fig.  7.  Test  results  for  n  =  27,  m  =  1,  ro=0.01  Q,  u0=12V;  (a)  Energy  production:  MPPT-based  versus  MPPM-based  and  (b)  percentage  difference  between  energy 
productions. 
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Fig.  8.  Test  results  for  n  =  26,  m  =  1,  r0=1.5  Q,  u0= 8  V;  (a)  Energy  production:  MPPT-based  versus  MPPM-based  and  (b)  percentage  difference  between  energy 
productions. 
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Fig.  9.  Test  results  for  n  =  25,  m  =  1,  r0=4.7  Q,  u0= OV;  (a)  Energy  production:  MPPT-based  versus  MPPM-based  and  (b)  percentage  difference  between  energy 
productions. 
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Fig.  10.  A300  cell  power  curve  dependence  on  varying  environmental  conditions.  Left  -  temperature  of  25  °C  and  different  irradiance  levels  and  right  -  irradiance  of  1  Sun 
and  different  temperatures.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


1  Sun  different  irradiance  levels.  Suppose  that  the  average  irra¬ 
diance  level  at  some  site  is  0.8  Sun,  hence  correct  matching 
should  create  an  operating  point  at  the  SA  power  point,  corre¬ 
sponding  to  0.8  Sun  MPP.  Note  that  the  MPP’s  of  the  entire 
irradiance  power  curves  possess  nearly  the  same  uM,  hence  a 
pure  voltage  source  load  (red  line),  matched  to  a  particular  MPP, 
resides  in  a  close  proximity  to  all  the  other  MPPs  and  is  superficial 
to  irradiance  level  variations.  A  load,  represented  by  a  voltage 
source  with  a  substantial  internal  resistance  (blue  line)  is  much 
more  sensitive  to  the  irradiance  variations,  though  stable  operat¬ 
ing  points  exist  not  far  away  from  the  MPP  for  each  irradiance 
level.  This  is  not  the  case  when  a  pure  resistive  load  (green  line)  is 
employed.  When  the  irradiance  level  increases  from  the  nominal 
one,  an  operating  point  exists  far  from  the  MPP.  However,  when 
the  irradiance  level  decreases,  the  power  production  is  sharply 
reduced. 

As  to  right  subplot  of  Fig.  10,  where  the  A300  power  curves  are 
shown  for  1  Sun  irradiance  level  and  cell  temperatures,  the  situation 
is  opposite.  The  resistive  load  possesses  the  best  match  to  varying 
temperatures,  while  the  constant  voltage  load  is  expected  to  yield 
the  poorest  performance,  though  stable  operating  points  exist  for 
the  entire  temperature  range.  However,  the  irradiance  variations  are 
usually  much  more  severe  and  stochastic  that  the  temperature 


variations.  Moreover,  in  hot  countries  such  as  Israel,  once  a  cell/ 
panel  heats  up,  its  temperature  remains  relatively  unchanged 
throughout  a  day,  since  its  thermal  inertia  is  relatively  high  and 
the  ambient  temperature  is  stable.  Therefore  the  load,  best  suited  to 
the  irradiance  variations,  is  expected  to  yield  the  highest  perfor¬ 
mance,  and  this  is  demonstrated  by  this  work. 

The  results  indicate  that  the  deviation  of  the  energy  produced  by  a 
directly  connected  system  from  the  maximum  possible  value 
strongly  depends  on  the  load  type.  In  addition,  meteorological  data 
also  plays  an  important  role  in  annual  energy  production.  The 
temperature  in  Israel  is  relatively  stable  during  the  day  and  the 
amount  of  slow-moving  clouds  (causing  significant  irradiance  and 
temperature  variations)  is  low.  It  is  also  clear,  that  in  case  of  linear, 
time  invariant  loads,  the  usage  of  MPPT-based  conversion  is  justified 
only  if  the  energy  deviation  is  more  than  the  typical  losses  in  MPPT- 
operated  converter  (6-10%  [40,41,46]),  i.e.  in  the  case  of  pure 
resistive  load  only. 

5.  Conclusion 

An  approach  to  optimal  arrangement  of  a  solar  array  for 
glueless  matching  to  a  known  linear  load  was  discussed  in  the 
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paper.  Array  performance  was  investigated  for  different  loads 
under  real  weather  conditions.  It  was  shown  that  the  deviation  of 
the  energy  produced  by  a  converterless  system  from  the  max¬ 
imum  possible  value  strongly  depends  on  both  load  and  meteor¬ 
ological  data.  Test  results  indicated  that  only  in  case  of  a  pure 
resistive  load  the  MPPT-based  solar  system  usage  is  justified. 
In  case  of  a  load  represented  by  a  voltage  source  with  internal 
resistance,  losses  in  a  real  MPPT-operated  converter  are  on  the 
par  or  higher  than  the  converterless  system  produced  energy 
deviation  from  the  maximum  possible  value. 
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